EC 3210 Solutions

(©John P. Powers, All rights reserved. 1992-1998

Assignment 1

1.1. Consider the lasers listed in the example on page 5. If the spectral linewidth of these lasers is 1
nm, ...

a. ... calculate the frequency linewidth Av for each source.
b. ... calculate the fractional linewidth Av/v for each laser.
c. ... calculate the ) of each source where @ is defined by Q = v/Aw.

Solution: We have a HeNe, COq, Nd:glass, and ruby laser. For a spectral linewidth AA =1 nm,
we find the following results using:

Laser Wavelength Av Av/v Q
_ cAx Ax _ v
- T - -~ v

HeNe 632.8 x 1079 | 7.45 x 10 | 1.580 x 1073 | 632.8

CO, 10.6 x 1076 | 2.67 x 10° | 9.43 x 107> | 10600
Nd:glass | 1.06 x 107¢ | 2.67 x 10'! | 9.43 x 10~ | 1060
Ruby 694 x 1072 | 6.23 x 101! | 1.441 x 1072 | 694

Note: This problem is easily done using a spreadsheet program.

1.2. Find the diameter of an extended source that can be considered a point source at wavelengths
of 500 nm and 10 pum for

a. ... a lab bench that is one meter long.
b. ... the optical horizontal line of sight in the atmosphere (approximately 100 km).
c. ... for the earth—-moon distance of 450,000 km.

Solution: See Figure 1 for the geometry of this problem. We want

h2
R >> 7 . (1)
a. Choosing a factor of 10x, we have
h/2
R= 107 , (2)
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Figure 1: Geometry for Problem 1.2. Object is A high and located R away from observer.

so for R =1 and A = 500 nm,

9
h:,/R_A:,,/MZQ_Mxm*‘*m
10 10

ForR=1mand A=10x 10~%m

/ / —6
h = R_)‘:,lexm%m
10 10

b. For R =100 km = 1 x 10°> m and A = 500 nm,

( ]0( 1
h_,/lo \/ x 10 500)( 0 707x 102 m

For R=1x10° m and A = 10 x 10~

(0 x 105)(10 x 1
h_\/10 \/XO 0x107%) _ 3 16% 10! m

¢. For R = 450000 km = 4.5 x 10% m and A = 500 nm,

_ | RA _ (4.5 x 108)(500 x 10=9) _ )
h = E\/ 0 =473 m.

For R=4.5x10mand A=10x 10~% m

8 —6
- /R_A_wzx.sxm JA0x107%) o1y
10 10

(4a)

(52)

(5b)

1.3. The earth-moon distance is approximately 450,000 km. Calculate the diameter of a beam sent

from the earth ...
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a. ... if the full-angle laser beam divergence is 1 mr.
b. ... if the laser beam divergence is 1 pr?
c. Design a beam collimator to reduce the beam divergence from the value in part (a) to the value

in part (b). Assume that the laser beam diameter in part (a) is 1 mm.

Solution: a. The spot size for a beam divergence of 1 mr (see Fig. 2) is given by

Figure 2: Geometry for Problem 1.3a. We want the spot diameter d for a given range R and
beam divergence ¢.

d=2r =2Rtan ? ~ @:R(b
2 2
~ (4.5 x 10%)(1 x 107) = 4.5 x 10° m = 450 km . (6a)
b ... if =1 pur??
d=2r~ Rp=(45x 10°)(1 x 107°) = 4.5 x 10> m = 450 m. (6b)

¢. We want to design a beam collimator so that

¢ou‘r 1 ,LLI' _

= =1x1073. 7
Pin 1 mr % (7)
See Figure 3.
dowt _ 1 10 (8a)
dowt = 1x10°- (1 x1073) =1m. (8b)

We will need a lens (or mirror) with a diameter of at least 1 meter diameter. The focal length
of the lens should be 2x (or more) the diameter of the lens (or else the lens will be prohibitively
expensive). [ will arbitrarily choose to make the lens diameter equal to 1.5 times the beam
diameter.

dy = 1.5doy = 1.5(1.0) = 1.5 m. (9)
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Figure 3: Beam expander for Prob. 1.3c.

The lens diameter d; should be at least 1.5 mm to accommodate the input beam diameter.

The focal lengths of the lenses should have the ratio

S _ Gou
f2 ¢in

If lens #1 has a focal length of 2 mm (arbitrarily chosen), then lens #2 will have a focal length
of 2 m.

=1x1073 (10)

So we have

Lens #1: fi=2mm; d; =1.5mm (11a)
Lens #2: fo=2m; dy=15m. (11b)

Note: Lens #2 would be very expensive. It would be better implemented as a mirror. The design
of the mirror system is beyond the scope of the course, but it is possible to make the required
1.5 m diameter mirror.

1.6. A plane wave at a wavelength of 10.6 pm illuminates a circular aperture of unknown diameter.
The far—field pattern is measured at a distance of 10 m from the aperture. It shows that the first
zero of the diffraction pattern is 1.3 m from the center of the pattern.

a. Calculate the diameter of the aperture.

b. Calculate the expected measured distance to the first zero of the diffraction pattern if the
wavelength is changed to 514.5 nm through the use of an argon laser.

Solution: a. Given a spot radius of ryave = 1.3 m at a range of R = 10 m, we want to find the
size of the diffracting aperture. See Fig. 4.
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Figure 4: Problem 1.6.

Assuming that the observation plane is in the far-field, we have

Dayave = (2)(1.3) = 2.6 m (12a)
-9
D= 21')44”2 = (2'44)(10'622 10709 _ g 95 % 10-3 m = 99.5 fm (12b)

Checking that we are in the far-field, we want to show that

D? 9.95 x 107°)2
R > — = M

—4

We find that indeed R = 10 m is a lot greater than 0.934 mm, so our far-field assumption is
correct.

b. If the wavelength changes for a given aperture, the spot size also changes. We have

Dwave()\l >\1

Zwave\: _ 22 14
Dwave <)\2 >\2 ( a)
A
Dwave(>\2) - <)\_j> Dwave<)\1) (14b)
Hence, we find
514.5 x 10~°
Dwave(514-5 nm) = <W> Dwave(10-6 um)
514.5 x 10~°
= —— ) (26)=1.2 1071 1
<10.6x106>(6) 6107 m (15)
and
Dwave e —2
Ryave = —22¢ — 631 x 1072 m = 6.31 cm. (16)

2
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1.8. Light focusing I: A collimated light beam can be focused to a small spot located at the focal
length of the focusing lens. The radius of the focused spot wg can be approximated by

Wo ~ Ai, (17)
T W

where f is the focal length of the focusing lens and w; is the spot size of the beam entering the lens.

a. Calculate the spot size of a 5 cm diameter beam that is focused by a 10 cm focal length lens.
The wavelength is assumed to be 1.06 pm.

b. Assuming that a power of 100 watts is uniformly distributed over a circle of the diameter of two
spot sizes, calculate the irradiance of the beam both before the lens and at the focused spot.

c. Calculate the irradiance of the focused spot if the wavelength is changed to 10.6 pum. (Power is
still 100 watts.)

d. ... if the wavelength is changed to 0.106 ym? (Power is still 100 watts.)

e. ... if a pulsed laser with a peak power of 10 MW is used at 10.6 gm?

v (2) ()

a. We have D = 5 cm, so we expect w; ~ D/2 = 2.5 cm. We also have f = 10 cm and
A=1.06x107% m.

AN ([ f (1.06 x 1076)(10 x 1072) y
~ _ —_— = = 1.5 1 = 1.0 ) 1
e <7r> <w1> (2.5 x 10—2 35 x 10 35 pm (19)

We know that

b. In front of the lens we have

P 4P (H00) " -
Hi= 3= 5% = w10 7p — 010 100 Wom ™ (20)

and behind the lens

P AP (4)(100)

%ﬁ B m(2wp)2 (2.7 x 10-6)2

P
Hy= = = =175 x 10" W-m 2. (21)

c. If the wavelength is changed from A1 = 1.06 pm to Ay = 10.6 pm, we use
Hr~—~— (22)

SO

HM) <ﬁ>2 —100. (23)
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Hence,

1 1.75 x 10%3
() = == H (M) = le =175 x 10" W-m™2, (24)

d. If the wavelength is changed to 0.106 pm, we use the same relations as in the previous portion
of the problem:

H(\) @_?)2_ = (25)

and, so,

H(A\2) = 100H (A1) = (100)(1.75 x 10"*) = 1.75 x 10 W - m™2. (26)

e. If the peak power at A = 10.6 um is 1 x 107, we have

Ppeare  (4)(1 x 107) (4)(1 x 107) 16 L,
Hpone = —2235 — - =175 x 100 Wem 2. (27
peak = 7D TQwo)? 72 (L35 x 10-7))2 % " 27)

1.9. Light focusing II: If the light beam diameter (= 2w;) is larger than the lens diameter D
then we modify the equation of the spot size at the focus to

AD
wo ~ 1.22—.
f

The ratio f/D is the f/no. (called the “f-number”) of the lens. A maximum f/no. is 0.5; a very
expensive lens can approach values of 1.0 , and an ordinary lens will have an f/no. greater than 2.0.
The fraction of the incident power that is intercepted by the lens and focused is (D /2w ).

a. Suppose that a 10 kW beam from a COg laser (A = 10.6 um) is expanded to a 10 cm diameter
and focused by a 2.5 cm diameter lens with a focal length of 25 cm. Calculate the irradiance
of the incident beam and of the focused spot.

Solution: For a beam larger than the focusing lens, part of the beam does not pass through the
lens and part of the power is lost (see Fig. 5). We have

1.222AD;  1.22X
= = . 28
wp 7 m (28)
We are given A = 10.6 pm, f =25 c¢m, P =10 kW, D; = 2.5 ¢m, and 2w; = 10 ¢cm. The power
transmitted through the lens is

PP!’IS D2
le = 5 (29)
Pincident 27‘Uinci(‘len’t
and, so,
10 x 10%)(2.5 x 1072)2
Plogs = L ONEE X D) o5 vy (30)

(10 x 10-2)2
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Figure 5: Geometry of lens focus for Problem 1.9. Beam width, 2wy, is bigger than lens diameter,
Dy, in general. Focus spot diameter has minimum value of 2wy.

a. The irradiance H> is found as
4P

Hy = ——— 1
? WD?ocus (3 )
where
-Dfocus ~ 2“"0 5 (32)
so, we find
4P
Hy=——.
2 Al (33)
The waist size wq is
AD  (1.22)(10.6 x 1075)(2.5 x 1072) _6
o =122—= =1.293 x 1 =1.2 m. 4
wp 7 5 X 102 93 x 107" m 93 pm (34)
So,
4P 4)(625
Hy = _WO2) 9610 W2, (35)

Cdrwg 4Am(1.29 x 1076)2

1.10. Light focusing III: Another factor of importance in focusing applications is the depth of
focus. This is the distance along the propagation axis that the beam “stays in focus”, where the user
has to define the tolerance on being "in focus". The depth of focus dy is estimated by

oA [ f\?
dy ~ — | — 21 >
= 2(L) v (36)

where p is the fractional tolerance on the minimum focus size. For example, if the user wants to
compute the distance over which the focused spot is within 10% of its minimum size, then p = 1.1.
The equation can also be expressed in terms of the minimum spot size wy,

2m
df ~ ng\/p2 —-1. (37)
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a. Calculate the focused spot size wg and the depth of focus for a 5 cm diameter beam incident
on a 10 cm diameter lens with a focal length of 25 cm. The beam is to be within 5% of its
minimum size over its depth of focus and the wavelength is 488 nm.

b. Repeat the calculation if the focal length of the lens is doubled.

c. Using the focused spot size of Prob. 9a when the focal length was 25 cm, consider the case where
a sheet of iron alloy is placed in the focal plane.

i. Assuming that about 95% of the incident energy of 5 joules from a pulsed laser is reflected
and that 5% is absorbed, calculate the absorbed energy.

ii. If the volume receiving the energy is a hemisphere of alloy with a radius of two laser beam
spot sizes (to allow for some conduction), calculate the volume that absorbs this energy.

iii. Multiplying the absorption volume by the density of the material will give us the mass of
the absorption volume. Calculate this mass if the density of alloy is 8 grams/cm3.

iv. The specific heat of a material is defined as the energy required to heat one gram (mass) by
one degree C. The specific heat of the alloy is 0.525 joules/gram. Calculate the expected
temperature rise (in degrees C) in the absorption volume.

Solution: We know that

2
y-2(L) V- (39

T \ w1

a. We are given that 2w, = 5 cm, D = 10 c¢m, f = 25 em, p = 1.05 and A = 488 nm (argon
laser); hence

Af (488 x 1079)(25 x 1072)

= = =1.553 x 107% m = 1.553 pm. 39
o (2.5 x 1072) 0 " Hm (39)
and
2mw3 2m(1.553 x 1076)2
dp = OVp2—1= 1.05)2 —1=19.94 x 10 % m. 4
f h p 188 % 109 (1.05) 9.94 x 1075 m (40)

b. If f is doubled, then wyq is doubled. Since df ~ w3, dy will be quadrupled.
dy =4(9.94) pm=39.76 pm. (41)

c. In Problem 9.a, we had a focused spot of wy = 1.293 x 1076,
(1.10.c.i) We assert that

Eabsorbed - aEincident = 005(5) =0.25 joules . (42)

(1.10.c.il) We need to calculate the volume of a hemisphere with a radius of 2wy,

=3.62x 10717 m?. (43)

V=05 {47;T3} =05 {4”(23—“’0)3} — 05 [47F ((2)(1.2933 X 10—6))3
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(1.10.c.ili) We now need to find the mass of the volume if the density of the material is 8
grams-cm ™3 = 8 x 10% kg-m 3.

M = Density - V = (8 x 10%)(3.62 x 10717) = 2.90 x 1071 kg . (44)
(1.10.c.iv) We now want to find the temperature rise, given that the specific heat of the material
S is 0.525 joules-gram =t = 525 j-(kg)~!. We compute

Eabsorbed 0.25 9
SM Gm)sx 1013  LTLx 1070 (45)

Note: this is a considerable rise in temperature!



